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PREFACE 


The  work  reported  herein  was  sponsored  by  the  Arnold  Engineering 
Development  Center  (AEDC),  Air  Force  Systems  Command  (AFSC), 
under  Program  Element  65807 F.  The  experimental  results  presented 
herein  were  obtained  by  ARO,  Inc.  (a  subsidiary  of  Sverdrup  & Parcel 
and  Associates,  Inc.),  contract  operator  of  AEDC,  AFSC,  Arnold  Air 
Force  Station,  Tennessee.  This  experimental  research  was  conducted 
under  ARO  Project  Nos.  PF208,  PF408,  and  P32A-29B.  The  authors 
of  this  report  were  N.  S.  Dougherty,  Jr.  , C.  F.  Anderson,  and  R.  L. 
Parker,  Jr.  , ARO,  Inc.  The  manuscript  (ARO  Control  No.  ARO-PWT- 
TR-75-36)  was  submitted  for  publication  on  March  25,  1975. 
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1.0  INTRODUCTION 


There  is  a growing  awareness  in  aerodynamic  testing  that  the  aero- 
acoustic  environment  in  conventional  wind  tunnel  test  sections  is  influ- 
encing test  results.  An  increased  emphasis  has,  therefore,  been 
placed  on  attempting  to  define  levels  and  origin  of  acoustic  disturbances 
and  to  quantity  their  effects  on  various  types  of  testing.  Numerous 
acoustic  studies  (Refs.  1,  2,  and  3),  for  example,  have  provided  mea- 
surements of  background  pressure  fluctuations  in  various  wind  tunnels. 
A criterion  using  such  measurements  was  advanced  by  Mabey  (Ref.  4) 
for  maximum  acceptable  disturbance  levels  in  subsonic  and  transonic 
facilities  if  adequate  prediction  of  aircraft  buffet  boundaries  is  to  be 
made.  Model  boundary-layer  transition  Reynolds  number  (Ref.  5)  is 
also  being  used  to  indicate  Reynolds  number  effects  from  acoustic  dis- 
turbances in  wind  tunnel  flow  which  might  affect  basic  lift,  drag,  and 
pitching-moment  data.  Of  particular  concern  are  transonic  flows  that 
have  large  separation  zones  and  significant  shock /boundary -layer  inter- 
actions. 

Ironically,  transonic  wind  tunnels  have  been  found  to  contain  the 
highest  acoustic  disturbances  of  any  type  wind  tunnel.  The  high- 
amplitude  noise  is  a direct  result  of  the  requirement  to  vent  a tran- 
sonic test  section  to  a surrounding  plenum  chamber  in  order  to  estab- 
lish transonic  flows.  There  are  thre  ; continuous  flow  transonic  tunnels 
at  the  Arnold  Engineering  Developme.it  Center  (AEDC).  Maximum  over- 
all noise  levels  measured  in  the  test  sections  of  each  are  shown  in 
Table  1.  Each  of  these  tunnels  has  a test  section  formed  of  perforated 
walls  with  uniformly  distributed  holes.  The  holes  are  inclined  at  an 
angle  of  60  deg,  which  gives  them  a differential  resistance  between  in- 
flow and  outflow.  One  or  more  discrete  whistling  tones  are  emitted 
by  the  array  of  holes.  Tone  frequencies  increase  with  increasing  tunnel 
Mach  number,  and  the  tones  attain  maximum  amplitude  at  a particular 
resonant  Mach  number.  These  tones,  which  have  been  found  to  exhibit 
characteristics  similar  to  classical  edgetones  (Refs.  6 and  7),  domi- 
n' ; the  test  section  noise  spectra  by  as  much  as  20  db  over  background 
* ..ndom  noise  components  and  raise  the  overall  noise  levels  by  as  much 
as  10  db. 

The  aerodynamic  noise  emitted  by  the  perforated  walls  has  been 
under  study  for  several  years  at  AEDC.  A recently  concluded  experi- 
mental study  was  performed  in  a specially  constructed,  low -noise 
Acoustic  Research  Tunnel  (ART)  which  has  a 5 -in.  test  section.  The 
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objective  of  the  study  was  to  perform  an  investigation  of  the  acoustic 
parameters  associated  with  perforated  walls  used  at  AEDC  which  might 
lead  to  design  criteria  for  the  reduction  of  wall-generated  noise  and 
improvement  of  test  section  flow  quality.  Suppression  of  the  edgeicne 
generation  mechanism  is  required  if  the  noise  is  to  be  reduced.  This 
required  some  modification  to  each  hole.  The  selection  of  a suitable 
modification  scheme,  therefore,  became  the  object  of  the  experimental 
investigation  and  is  the  subject  of  this  report. 

Table  1.  Maximum  Test  Section  Noise  Levels  in 
the  AEDC  Transonic  Tunnels 


Tunnel 

Sound  Pressure  Level, 
lb  (Re  0.9002  dynes/cm^) 

Propulsion  Wind  Tunnel  (16T) 

152 

Aerodynamic  Wind  Tunnel  (4T) 

152 

Aerodynamic  Wind  Tunnel  (IT) 

160 

2.0  PERFORATED  WALLS 


The  hole  pattern  used  in  Propulsion  Wind  Tunnel  (16T)  evolved  f;-om 
a series  of  developmental  tests  in  Aerodynamic  Wind  Tunnel  (IT)  during 
the  1950's  which  are  described  by  Pindzola  and  Chew  (Ref.  8)  and  by 
Goethert  (Ref.  9).  The  holes  were  arranged  to  give  a uniform  wall 
porosity,  t,  of  six  percent.  The  sizing  of  the  holes  is  a function  of 
tunnel  wall  boundary-layer  thickness  using  criteria  suggested  by 
Lukasiewicz  (Ref.  10).  Inclination  of  hole  angle  to  60  deg  in  con- 
junction with  six-percent  porosity  resulted  from  an  optimization  to 
provide  cancellation  at  the  wall  of  both  shock  and  expansion  waves 
from  test  models,  thereby  minimizing  the  interference  to  the  model 
flow  field  at  low  supersonic  speeds. 

Actual  samples  of  perforated  walls  from  the  three  transonic  tunnels 
were  tested  in  the  6 -in.  ART  so  that  there  could  be  no  question  about 
wall  impedance  matching.  A photograph  of  the  basic  wall  samples  tested 
is  presented  in  Fig.  1.  Cross-sectional  details  are  shown  in  Fig.  2. 
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Figure  1.  Perforated  wall  samples. 
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Figure  2.  Cross  sections  of  Tunnels  1CT  and  4T  perforation  design. 
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The  walls  from  Tunnels  16T  and  IT  have  fixed  six-pex'cent  porosity  with 
hole  diameters  of  3/4  and  1/8  in.  , respectively.  Hole  diameter  in  the 
Aerodynamic  Wind  Tunnel  (4T)  walls  is  1/2  in.  with  variable  porosity. 
The  wall  materials  are  aluminum  backed  by  formica  (one -half  mic’rness) 
in  Tunnel  15  f,  double-plate  aluminum  with  a sliding  backup  plate  : > pro- 
vide a variable  porosity  feature  in  Tunnel  4T,  and  micarta  b»  Turnrl  IT. 
Reduction  of  the  porosity  at  Mach  numbers  between  1.0  and  1.2  in 
Tunnel  4T  gives  improved  wall  interference  characteristics  (Ref.  ' i,\ 

In  all  three  tunnels,  plenum  suction  is  applied  to  the  walls  in  rv  par 
combination  with  small  wall  divergence  angles  to  control  the  ay--.- 
pressure  distribution  for  constant  Mach  number  thi evghout  the  test 
region.  Depending  upon  the  model  blockage  area/tu  inel  cross-section 
area  ratio,  plenum  suction  for  wall  boundary  -layei  control  is  usually 
applied  at  approximately  Mach  number  0.7  and  above. 


3.0  ACOUSTIC  RESEARCH  TUNNEL 


The  6-m.  ART  is  a continuous  flow,  atmospheric  indraft  tunnel 
capable  of  being  operated  from  Mach  number  0.  1 to  1.1.  This  Mach 
number  range  was  sufficient  for  the  present  study  because  experience 
in  the  full-scale  tunnels  had  shown  greatest  edgetene  noise  to  occur  at 
resonant  Mach  numbers  in  the  range  from  0.  G5  to  T M. 

A schematic  diagram  of  the  tunnel  is  presented  in  Fig.  3.  The 
acoustic  silencers  in  the  diffuser  and  plenum  exhaust  ducts  (46  -db 
maximum  attenuation  rating  at  1,200Hz)  with  vibration  isolation  ex- 
pansion joints  together  with  honeycomb  and  damping  screens  in  the 
in*ke  provided  a relatively  low  background  noise  level  for  these 
experiments.  The  exhaust  machinery  is  located  well  remote  from  the 
tunnel.  These  features  allowed  the  isolation  of  noise  phenomena 
occurring  within  the  test  section  and  plenum  from  the  tunnel  drive  con- 
trol systems  as  a source  of  noise.  Background  noise  levels  attained 
in  the  tunnel  with  solid  test  section  walls  are  shown  ,n  Fig.  4 in  the 
form  of  overall  sound  pressure  level.  These  were  at  a nominal  ACp 
level  of  0.  4f  percent,  where  ACp  is  derived  as  follows: 

. Prms 

\Op  x 100,  percent 
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Figure  4.  Results  of  ART  background  noise  calibration. 

Here,  Prmo.  is  the  time-averaged,  frequency-integrated  fluctuating 
pressure  (overall  sound  pressure  level)  measured  by  a microphone  in 
a frequency  band  from  approximately  10  Hz  to  approximately  20  kHz. 
A level  of  ACp  = 0.  45  percent  corresponds  closely  to  the  expected 
level  of  sound  radiation  from  a turbulent  boundary  layer  on  the  test 
section  walls  in  the  range  of  Reynolds  numbers  attained  with  atmos- 
pheric total  pressure  and  temperature.  (See  Ref.  12,  for  example.) 

Two  l/4-in.-diam  Bruel  and  Kjaer  condenser-type  microphones 
were  used  to  record  the  sound  pressure  level,  prms.  One  micro- 
phone was  flush-mounted  on  the  test  section  sidewall,  and  the  other 
was  placed  in  the  plenum  chamber.  The  output  of  each  microphone 
was  recorded  on  a true-root-mean-square  voltmeter  with  1-sec  time- 
constant  using  5-sec  minimum  averaging  time.  The  data  were  also 
recorded  on  an  FM  magnetic  tape  system  using  10-kHz  frequency  re- 
sponse for  spectral  analysis.  The  microphones  were  calibrated  by 
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direct  application  of  a 140 -db  sound  pressure  level  at  1-kHz  frequency 
using  a pistonphone  with  ±0.  5-db  certified  accuracy. 

A spark  schlieren  system  with  an  8-in. -diam  field  of  view  and  a 
2-/usec  pulse  illumination  was  used  for  viewing  the  boundary-layer 
phenomena  at  the  bottom  wall  and  the  far  field  wave  propagation  phe- 
nomena across  the  test  section.  The  schlieren  data  obtained  provided 
the  needed  verification  of  the  wall  noise  generation  and  propagation 
mechanisms. 


4.0  EXPERIMENTAL  TECHNIQUE 


The  experimental  technique  was  to  obtain  first  the  baseline  noise 
level  data  for  each  wall  sample  in  the  6-in.  ART  and  then  to  perform 
cut-and-try  type  testing  of  various  modification  schemes  to  evaluate 
the  degree  of  noise  reduction  that  could  be  obtained.  A goal  of  10  db 
(or  a factor  exceeding  three)  was  arbitrarily  chosen  to  be  the  minimum 
acceptable  degree  of  noise  reduction,  this  goal  being  applied  to  worst- 
case  resonance  conditions  occurring  over  the  Mach  number  range  of 
tunnel  operation. 

The  basic  test  procedure  was  to  perform  Mach  number  variations 
from  approximately  0.3,  where  edgetones  generally  first  appeared, 
to  the  maximum  obtainable  with  a given  set  of  wall  samples.  Tests 
were  performed  first  on  a single  wall  sample  using  a solid  opposing 
wall  and  then  with  top  and  bottom  opposing  wall  samples.  With  a 
single  sample  (in  the  bottom  wall),  the  choking  Mach  number  was 
generally  near  0.  88.  With  opposing  wall  samples,  the  Mach  number 
could  be  increased  to  about  1.1. 

Wall  suction  weight  flow  in  combination  with  wall  divergence  angle 
was  treated  as  a secondary  variable  in  the  experiment.  In  all  cases, 
wall  static  pressures  on  the  test  section  solid  side  wall  were  monitored 
in  order  to  choose  a combination  of  plenum  suction  flow  and  wall  angle 
that  gave  a reasonably  flat  axial  Mach  number  distribution  throughout 
the  test  section. 

An  essentially  constant  inlet  boundary-layer  thickness  was  pro- 
vided for  each  wall  sample  in  the  6 -in.  ART.  A typical  velocity  pro- 
file obtained  at  Mach  number  0.  3 on  a solid  bottom  wall  insert  in  place 
of  a perforated  wall  sample  3 in.  downstream  of  the  throat  is  shown  in 
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Fig.  5.  After  verification  that  the  noise  mechanism  occurring  from 
the  three  types  of  wall  samples  in  the  ART  was  the  same  as  that  which 
occurs  in  the  fuU-scale  tunnels,  testing  with  nonscale  boundary -layer 
thickness  was  considered  to  be  of  little  consequence  for  evaluation  of 
effectiveness  of  a particular  noise  suppression  device. 


Figure  5.  Typical  boundary-layer  velocity  profile  in  the  ART  test  section. 


From  the  analysis  of  the  baseline  wall  sample  data,  the  judgment 
was  made  that  effective  suppression  of  the  noise  from  the  perforated 
walls  would  require  same  modification  to  each  hole.  The  design 
philosophy  established  for  the  hole  modification  was  based  on  the  practi- 
cal and  economic  constraints  (i)  that  the  modification  selected  should 
result  in  a minimal  change  to  the  basic  wall  configuration  (i.  e. , it 
should  be  a simple  hole  geometry  modification  that  would  not  necessi- 
tate redesign  of  the  entire  wall)  and  (2)  that  this  modification  should 
not  significantly  alter  the  wall  crossflow  characteristics  to  the  extent 
that  it  would  compromise  the  favorable  transonic  performance  of  the 
wall. 


5.0  THE  NOISE  GENERATION  MECHANISM 


Fundamental  to  an  aerodynamic  whistling  mechanism  is  the  con- 
version of  a small  disturbance  in  a flow  stream  into  a large  one  through 
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instability  of  the  stream.  The  basic  elements  of  such  a rvstem  are 
(1)  a means  of  amplification  and  (2)  a means  of  feeding  part  of  the 
amplified  energy  back  upstream  to  sustain  and  control  the  process. 
This  analogy  was  applied  to  the  shear  layer  occurring  over  60-deg 
inclined  holes  in  the  airstream  surface  by  Woolley  and  Karamcheti 
(Ref.  13). 

The  best  analysis  that  appears  to  apply  to  60-deg  inclined  boles  is 
the  semi-empirical  analysis  of  cavity  flows  advanced  by  Rossiter 
(Ref.  14).  Rossiter  argued  that  at  time  t = 0,  an  identified  phase  of 
acoustic  radiation  leaves  the  trailing  edge  of  the  cavity  and  a vortex 
is  at  7VXV  behind  the  trailing  edge  (see  Fig.  6).  At  the  time  t = t', 
an  identified  phase  of  acoustic  radiation  arrives  at  the  leading  edge 
just  as  a vortex  is  shed.  The  vortex  pattern  has  moved  downstream  a 
distance  kU^t'  in  this  time  interval  such  that 

mvAy  = h + yvAv  + kU„t'  ^ 

where  h is  the  axial  distance  between  leading  and  trailing  edges  of  the 
cavity.  In  the  same  time  interval,  the  internal  wave  system  has 
moved  a distance  ct'  so  that 


h = 


mAAA 


Ct' 


(3) 


Eliminating  t'  and  substituting  for  A ^ and  Av  yielded  the  following  ex- 
pression for  frequency  of  the  oscillation 


(mA  + mv-yv) 


(4) 


where  U,,  is  the  free -stream  velocity  and  M,,,  is  the  freej- stream  Mach 
number.  Here  the  constant  k is  the  proportion  of  the  free -stream 
velocity  U^,  at  which  vortices  travel  over  the  cavity. 

1 

Rossiter  found  certain  variations  to  exist  in  frequencies  emitted 
by  cavities  of  varied  length/depth  ratio  but  that  the  noise  generation 
phenomenon  was  basically  two-dimensional  with  primary  dependence 
upon  h.  From  measurements  of  fluid  temperature  within  the  cavity, 
he  found  c/ca  to  be  essentially  1.0.  Finally,  a relationship  between 
Strouhal  number  and  Mach  number  was  obtained  of  the  form 


/: 
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with  j3  being  a constant  and  being  the  sum  of  the  number  of  complete 
participating  wavelengths  of  the  vortex  motion  and  those  of  the  acoustic 
radiation. 
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Figure  6.  Shadowgraph  view  of  vortex  over  a 60-deg  inclined  slot 
(Ka  = 1 mode). 

McCanless  (Ref.  2)  and  Credle  (Ref.  15)  were  able  to  correlate 
tone  frequency  measurements  in  Tunnels  1GT  and  4T  with  the  hole 
size  using  empirical  expressions  very  similar  in  form  to  Eq.  (5). 
McCanless'  expression  is 


hr 


<>.!">  n 


1.68 


<\l  - 1) 


(6) 


l.J.'U 


14 


/ 

/ 

r ?" 


AEDC -TR-75-88 


Credits  expression  uses  a local  wall  velocity,  Uwa^,  and  Mach  num- 
ber, M^au,  to  give 


S hf  _ 0.16  n1'55 

’’wall  (^wall  + 0-7)  (7) 

n - 1,2, 3,1 

where  he  assumed  Uwajj/ = 0.  7.  The  frequency  measurements  from 
perforated  wall  samples  in  the  6 -in.  ART,  however,  revealed  a har- 
monic family  of  frequencies  with  many  more  tones  than  the  four  which 
are  correlated  by  Eqs.  (6)  and  (7).  From  these  measurements,  a more 
general  expression  for  Strouhal  number  was  obtained,  defining  an  acous 
tic  wave  number,  Ka.  and  noting  the  empirical  constants  in  Eqs.  (6) 
and  (7)  to  be  approximately  1/2tt 

s = — = - ka 

= U.  = 2*  (M^o  + » (8) 

KA  = *’2'3, 


Predominant  noise  frequencies  measured  in  Tunnels  IT,  4T,  and  16T 
are  seen  to  be  adequately  correlated  by  both  Eqs.  (6)  and  (8)  in  Fig.  7 
with  coincidence  between  the  following  harmonic  relationships: 

2l.  68  x 3 ancj  3I.  68  -s  e.  Indeed  the  K\  = 1,  3,  and  6 tones  are  preva- 
lent; but  other  harmonic  multiples  are  present  as  well.  Recently, 
McCanless  and  Boone  (Ref.  16)  have  proposed  a more  detailed  vortex 
flow  model  with  significantly  increased  vortex  strength  because  of  the 
shearing  that  occurs  at  the  trailing  edge  of  a 60 -deg  inclined  hole. 

This  model  is  also  compatible  with  that  derived  by  Rossiter. 


Verification  of  the  vortex  hypothesis  was  obtained  from  shadow- 
graph observations  of  flow  over  a transverse  slot  spanning  the  bottom 
wall  in  the  6 -in.  ART.  The  view  in  Fig.  6 was  obtained  by  a simple 
adjustment  of  the  knife-edge  setting  in  the  schlieren  system.  With 
the  slot  gap,  h,  set  at  3/4  in.,  the  vortex  described  by  Rossiter  is 
clearly  observed  over  the  two-dimensional  60 -deg  inclined  slot  during 
fundamental,  Ka  = 1»  tone  generation  at  Mach  number  0.  75.  A typi- 
cal schlieren  view  with  the  slot  gap  at  1-1/2  in.  (corresponding  to  the 
Tunnel  16T  wall  hole  size/plate  thickness  geometry)  is  shown  in 
Fig.  8a  for  sound  wave  generation  in  the  fundamental  mode,  Ka  = 1. 

(A  l/4-in.-diam  30-deg  cone-cylinder  model  has  been  placed  in  the  flow 
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to  provide  unequivocal  proof  that  this  is  subsonic  flow,  Mach  number 
0.  75  in  this  case. ) Sound  waves  from  the  slot  in  a higher  mode, 

Ka  = 2,  are  shown  in  Fig.  8b  for  the  1-1/2-in.  gap  with  plenum  suct'on 
applied  at  Mach  number  0.  75. 


Figure  7.  Predominant  frequencies  measured  in  Tunnels  16T,  4T,  and  IT. 
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a.  Acoustic  wave  number  1. 


b.  Acoustic  wave  number  2 
Figure  8.  Schlisren  views  of  sound  field  from  slot 
with  16T  w?H  cross  section. 
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The  theoretical  uevelopment  to  this  point  has  been  for  a single 
source  (hole,  slot,  or  rectangular  cavity),  '’’he  central  question  for 
the  perforated  wall,  however,  is  why  the  noise  mechanism  from  the 
array  of  holes  should  be  correlated  by  such  a simple  expression 
(Eq.  8)  based  only  on  a single  hole.  Sehlieren  data  taken  during 
Tunnel  IT  operation,  with  perforated  wall  samples  installed,  revealed 
regularly  spaced  uniform  wave  patterns  such  as  shown  in  Fig.  9. 


Figurs  9.  Sehlieren  views  ot  sound  fieid  from  top  and  bottom 
pair  of  Tunnel  IT  perforated  wells. 

These  views  are  typical  of  wave  patteii  s from  the  other  samples  as 
well,  except  for  the  change  in  acoustic  wavelength,  with  the  hole 
size.  As  Mach  number  was  varied,  there  was  a clear  reinforcement 
of  the  waves  into  this  diamond  pattern  where  the  inclination  angle  a was 
observed  to  obey  the  following  relationship 
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sin  a = Mm 

0 5 < 'L  < 0.9  (9) 

The  coalesced  diamond  wave  pattern  in  Fig.  9 clearly  indicates  a 
unison  behavior  from  the  array  of  distributed  sources,  suggesting  a 
boundary  condition  based  upon  hole  size  and  a boundary  condition 
based  upon  hole  spacing  to  be  satisfied  simultaneously. 

For  waves  inclined  at  the  angle  a,  a third  boundary  condition  is 
involved  in  the  wave  reinforcement  phenomenon.  This  is  the  test  sec- 
tion cross-sectional  dimension,  Lx.  Expressing  the  time  required 
for  a disturbance  to  emanate  from  a wall,  travel  to  the  opposing  wall, 
and  return  yields  a natural  reverberation  frequency 


fn-  = 


41.; 


(1  - M-) 


(10) 


mx  = 1, 2,3,4, 

after  substituting  for  sin  a.  Here  mx  is  the  number  of  acoustic 
wavelengths,  A a*  involved.  Varner  (Ref.  17)  has  carried  this  solution 
to  completion  for  the  distributed  sources  to  include  an  effective  porous 
zone  length  dimension  with  end  corrections,  Lz.  He  obtains  a simple 
relationship  for  a resonant  Mach  number  that 


where  tr  is  an  odd  integer,  1,  3,  or  5.  Equation  (11)  has  been  experi- 
mentally verified  to  hold  in  Tunnels  IT,  4T,  and  16T  and  for  each  wall 
sample  in  the  6 -in.  ART.  Furthermore,  there  was  a cutoff  phenomenon 
that  the  fundamental  mode,  Ka  = 1*  did  not  occur  for  either  the  Tunnel 
16T  or  Tunnel  4T  wall  samples  in  the  6 -in.  ART  because  the  wavelength 
exceeded  the  6 -in.  cross-sectional  dimension  of  the  test  section. 

While  the  hole  spacing  and  tunnel  size  play  a significant  role  in 
amplifying  the  sound  generation  mechanism  at  each  hole  and  determin- 
ing which  modes  of  oscillation  will  appear,  the  analogy  to  the  classical 
edgetone  focuses  upon  the  interaction  between  shear  layer  and  sharp 
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trailing  edge  for  the  individual  hole.  Thus,  the  identification  as  edge- 
tones  has  been  aptly  applied  to  the  acoustic  radiation  from  60-deg  in- 
clined holes,  and  the  high  amplitudes  that  occur  in  wind  tunnels  are  the 
result  of  acoustic  resonance  amplification  by  the  test  section  geometry. 
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6.0  WALL  NOISE  SUPPRESSION 

Three  basic  ideas  were  used  as  a guide  for  selecting  the  hole 
modifications  to  be  tried.  These  were  that  the  dynamic  feedback  loop 
of  vortex  interaction  could  be  interrupted  and  the  edgetones  thereby 
suppressed  if: 

1.  Vortex  impingement  on  the  hole  trailing  edge  might  be 
prevented, 

2.  The  vortex  might  be  disrupted  during  its  development, 
or 

3.  The  shear  layer  might  be  stabilized  such  that  it  could 
not  support  the  development  of  the  vortex. 

A summary  of  the  test  configurations  investigated  is  given  in  Table  2. 
All  of  these  configurations  gave  some  measure  of  noise  reduction  when 
compared  to  the  standard  unmodified  wall. 


Table  2.  Summary  of  Test  Configurations 


Code 

Name 

Tunnel  Wall  Sample  Used 

J.6T 

4T 

IT 

1 

Standard 

X 

X 

X 

2A 

Recessed  Trailing  Edge  (Shallow) 

X 

2B 

Recessed  Trailing  Edge  ('Shallow 

X 

and  Blunted) 

2C 

Recessed  Trailing  Edge  (Deep) 

X 

3A 

Exposed  Stud  Spoiler  (High) 

X 

3B 

Exposed  Stud  Spoiler  (Low) 

X 

3C 

Internal  Spoiler  (Flush) 

X 

X 

3D 

Internal  Spoiler  (Exposed) 

X 

4A 

Splitter  Plate  (Full-Depth) 

X 

4B 

Splitter  Plate  (Zero-Depth,  Wire) 

X 

4C 

Splitter  Plate  (Half-Depth) 

X 

X 

X 

5 

Backing  Tab 

X 

20 


■rauAkuuuwi. 


iiiUtM I 


AEDC -TR-75-88 


The  class  of  configurations  denoted  as  Code  2 followed  idea  No.  1 
above  of  preventing  vortex  impingement  on  the  hole  trailing  edge.  Con- 
figuration 2 A applied  to  a Tunnel  16T  wall  sample  is  shown  in  Fig.  10. 


!■ 


Figure  10.  Detail  view  of  recessed  trailing-edge  configuration 
in  a Tunnel  16T  wail  sample. 


A comparison  of  measured  test  section  noise  levels  for  Tunnel  16T  wall 
samples  with  the  configuration  2 modifications  is  shown  in  Fig.  11.  * 


Figure  11.  Examples  of  noise  reduction  from  the  recessed  trailing  edge. 


*Data  from  the  plenum  microphone  are  not  presented  because  the 
principal  noise  components  recorded  were  the  edgetones  with  no  signifi- 
cant contributions  from  the  plenum  chamber  to  the  test  section. 
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The  noise  reduction  did  not  meet  the  established  criterion  of  at  least  a 
factor  of  three  with  the  recessed  trailing  edge.  It  soon  became  appar- 
ent that  the  degree  of  recess  and  blunting  that  would  be  required  was 
too  severe,  with  significant  change  in  the  basic  60 -deg  inclined  hole 
geometry.  Thus,  this  scheme  was  abandoned. 

The  class  of  configurations  denoted  as  code  3 followed  idea  No.  2 
above  that  the  vortex  development  might  be  disrupted.  The  idea  em- 
ployed was  that  a spoiler  near  the  forward  edge  or  within  the  hole  might 
generate  vorticity  in  a plane  transverse  to  the  shear  layer,  thus  break- 
ing up  the  vortex  required  for  generating  an  edgetone.  The  internal 
spoiler,  configuration  3C  {Fig.  12a),  was  found  to  be  as  effective  as  the 
exposed  stud,  configuration  3A  (Fig.  12b).  Furthermore,  it  was  found 
that  the  internal  spoiler  need  not  protrude  above  the  wall  surface. 
Location  of  this  spoiler  (a  vertically  oriented  post**  relative  to  the  wali 
plane)  was  at  the  focus  of  the  ellipse  from  a view  perpendicular  to  the 
wall.  The  noise  reduction  achieved  on  a Tunnel  16T  wall  sample  is 
shown  in  Fig.  13  for  flush  and  1/lG-in.  protruding  spoilers  to  be  essen- 
tially the  same.  Although  the  degree  of  noise  reduction  for  these  con- 
figurations exceeded  a factor  of  four  at  Mach  numbers  in  the  0.  8 to  0.  9 
range,  the  recessed  spoiler  applied  to  a Tunnel  4T  wall  sample  exhibited 
an  undesirable  sensitivity  of  tunnel  Mach  number  distribution  to  wall 
divergence  angle  and  suction  weignt  flow  variations  at  intermediate 
porosities  of  r = four  to  six  percent. 

The  class  of  modifications  denoted  by  codes  4 and  5 were  based  on 
idea  No.  3 above  that  the  shear  layer  might  be  stabilized  such  that  it 
would  not  support  vortex  development.  This  concept,  if  it  could  be 
implemented,  appeared  to  be  more  attractive  than  the  other  two  from 
the  standpoint  that  local  turbulence  at  the  hole  wuuld  be  decreased 
rather  than  promoted.  Configuration  5 is  a backing  tab  applied  to 
t = six-percent  walls  covering  approximately  50  percent  of  the  hole 
from  the  upstream  direction  and  was  demonstrated  to  be  an  effective 
edgetone  suppression  device  in  the  RAE  3-X  3 -Ft  Transonic  Tunnel  at 
Bedford,  England  (Ref.  4).  It  was  tried  without  success  on  a Tunnel 
1ST  wal1  sample.  This  lack  of  success  may  have  been  due  to  the  non- 
scale boundary  layer  for  3/4-in. -diam  holes  in  the  6-in.  ART.  How- 
ever, the  idea  was  not  pursued  because  a more  universal  solution  was 
sought,  equally  applicable  to  the  fixed  six- percent  porosity  Tunnel  16T 
and  to  the  variable  porosity  Tunnel  4T. 

**The  top  of  each  post  was  filled  with  epoxy  resin  to  eliminate  the 
possibility  of  organ-pipe  whistling  from  a hollow  post. 
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Figure  13.  Examples  of  noise  reduction  from  internal  spoiler  configuration 
in  Tunnel  16T  wall  samples. 


One  further  idea  considered  that  was  not  tried  in  these  tests  was  to 
place  wire  screen  over  the  holes.  This  has  been  demonstrated  by 
Schutzenhofer  and  Howard  (Ref.  18)  to  give  effective  edgetone  suppres- 
sion in  the  NASA/ Marshall  Space  Flight  Center  14 -in.  Transonic  Tunnel. 
The  screen  idea  appears  to  work  as  a spoiler  device  but  was  not  pursued 
because  of  anticipated  long-term  problems  with  structural  integrity  in  a 
larger  wind  tunnel. 

The  optimized  modification  scheme  for  the  AEDC  wall  configurations 
thus  obtained  was  configuration  4C,  shown  for  the  Tunnel  4T  wall  sample 
in  Fig.  14.  This  was  a "splitter  plate",  dividing  the  hole  into  left  and 
right  halves  with  a depth  one -half  of  the  wall  thickness.  Stabilization  is 
apparently  achieved  by  giving  the  shear  layer  something  to  which  it  can 
attach.  A comparison  of  noise  reduction  achieved  with  "splitter  plates" 
of  varied  depth  in  a Tunnel  16T  wall  sample  is  shown  in  Fig,  15.  It  is 
seen  that  best  results  were  obtained  with  the  half-depth  configuration. 

The  noise  reduction  in  a Tunnel  4T  wall  sample  of  configuration  4C  is 
shown  in  Fig.  16  for  t = six  percent  and  four  percent  and  is  seen  to  be 
about  the  same  as  that  for  the  Tunnel  16T  wall  sample.  Finally,  the 
most  encouraging  result  of  all  was  obtained  with  configuration  4C 
applied  to  a Tur.nel  IT  wall  sample  as  shown  in  Fig.  17.  The  resonances 
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were  effectively  eliminated  with  noise  reduction  by  a factor  of  six  at 
Mach  number  0.  71.  The  ACp  level  of  approximately  0.  6 percent  ob- 
tained in  the  Tunnel  IT  wall  sample  is  particularly  encouraging  be- 
cause it  compares  favorably  to  the  0.45-percent  level  obtained  in  the 
6 -in.  ART  with  solid  test  section  walls  and  because  it  shows  the  best 
results  for  a hole  size/boundary-layer  thickness  ratio  which  more 
closely  approximates  the  correct  ratio  for  the  full-scale  Tunnels  4T 
and  16T. 


$ 


Figure  14.  Details  of  the  splitter  plate  configuration  in  a Tunnel  4T  wall  sample. 
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b.  Porosity  t = four  percent 

Figure  16.  Examples  of  noise  reduction  from  splitter  plate  configuration 
in  Tunnel  4T  variable  porosity  wall  samples. 
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a2  a3  a4  as  a6  a7  as  a9  1.0 


Figure  17.  Noise  reduction  from  splitter  plate  configuration  in  a 
Tunnel  IT  wall  sample. 


7.0  TRANSONIC  PERFORMANCE  OF  THE  MODIFIED  WALLS 


Based  upon  these  test  results  in  the  6 -in.  ART,  the  "splitter 
plate"  configuration  4C  was  chosen  for  testing  in  a set  of  four  fully 
perforated  walls  in  Tunnel  IT.  A die  was  manufactured  in  order  to 
mass  produce  the  plates. 

The  noise  reduction  achieved  with  this  modification  in  Tunnel  IT 
is  shown  in  Fig.  18  as  indicated  by  a l/8-in.-diam  Kulite  pressure 
transducer  mounted  on  the  test  section  side  wall.  These  data  obtained 
with  properly  scaled  test  hardware  prove  the  feasibility  of  the  technique. 
The  data  for  the  standard  wall  configuration  were  taken  with  top  and 
bottom  walls  only  perforated,  side  walls  solid,  and  are  compared  with 
all  four  modified  walls  perforated.  This  is  the  reason  for  slightly 
higher  ACp  for  the  modified  walls  at  Mach  numbers  from  0.  9 to  1.  2. 

At  Mach  number  1.  3 the  ACp  level  is  the  same  in  both  cases,  0.  52  per- 
cent. The  important  difference  is  at  Mach  number  0.  65  where  the 
Ka  = 1 edgetone  stage  had  been  in  resonance  at  approximately  3500  Hz, 
raising  the  ACp  level  to  5.4  percent.  Spectral  analysis  revealed  the 
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1.  7-percent  level  of  ACp  for  the  modified  walls  at  Mach  number  0.  65 
to  be  dominated  by  noise  from  the  compressor  and  that  the  edgetone 
phenomenon  had  been  effectively  suppressed  to  the  tunnel  background 

level. 


0.4  0.6  0.8  1.0  1.2  1.4 


Figure  18.  Noise  reduction  achieved  in  Tunnel  IT  after  modifying 
the  perforated  walls. 


The  effect  of  the  modification  on  the  crossflow  characteristics  of 
the  wall  were  evaluated  by  comparing  pressure  data  at  matched  test 
conditions  on  the  following:  (1)  a center-line  static  pipe  (i.  e. , for 
indication  of  the  empty  tunnel  axial  Mach  number  distribution  using 
previously  established  tunnel  calibrations),  (2)  a 20-deg  cone-cylinder 
model  of  two-percent  blockage  (which  generates  strong  bow  shock  and 
shoulder  expansion  waves  to  be  cancelled  at  the  wall),  and  (3)  a wing- 
tail  lifting  model  of  one-percent  blockage  (with  large  regions  of 
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supercritical  flow  at  transonic  speeds  such  that  interference  from  the 
walls  alters  the  lift  coefficient  and  pitching  moment). 

Comparison  of  the  centerline  static  pipe  data  revealed  the  2 a stand- 
ard deviation  in  local  Mach  number  through  the  test  section  to  be  as 
good  as  or  better  than  that  with  the  original  walls  at  Mach  number 
settings  from  0.6  to  1.3.  Most  importantly,  there  was  no  shift  in 
mean  Mach  number  using  the  previously  prescribed  schedule  for  plenum 
chamber  pressure  and  wall  angle.  A comprehensive  comparison  of 
the  flow  generation  properties  of  the  two  wall  configurations  is  given 
in  Ref.  19. 

Pressure  distributions  on  Hie  20-deg  cone-cylinder  model  are  shown 
in  Fig.  19.  for  the  modified  and  standard  wall  in  comparison  with  a 


F:3ure  19.  Comparison  of  pressure  distributions  on  the  20-deg 
cone-cylinder  ir.  Tunnel  IT. 
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Figure  19.  Concluded. 


theoretical  free-air  solution  given  by  the  Douglas -Neumann  computer 
program  (Ref.  20).  Deviations  in  pressure  distribution  from 
interference-free  trends  at  Mach  numbers  between  1.0  and  1.  15  are 
attributable  to  impingement  of  the  bow  shock  reflected  as  an  expan- 
sion wave  from  the  walls.  Better  agreement  with  the  interference- 
free  solution  occurred  when  the  Mach  number  was  increased  to  1.2 
and  1.3  as  the  perforations  give  better  attenuation  of  the  model- 
generated waves  at  these  Mach  numbers.  As  seen  in  Fig.  19,  there 
was  no  appreciable  difference  between  the  standard  and  the  modified 
walls  in  these  tests  over  the  full  Mach  number  range  considered. 
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Finally,  typical  pressure  coefficient  data,  Cp,  over  both  wing  and 
tail  upper  surfaces  of  the  lifting  model  are  shown  in  Fig.  20  over  the 
range  of  Mach  numbers  where  transonic  flow  occurs  on  the  model. 
Except  for  slight  rearward  shift  in  shock  locations  at  Mach  number 
0.  95,  there  was  no  appreciable  difference  in  these  data  vith  the 
modified  and  standard  wall. 
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Figure  20.  Comparison  of  pressure  distributions  on  the  wing-tail 
lifting  model  in  Tunnel  IT. 
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8.0  CONCLUSIONS 


The  primary  conclusions  from  this  investigation  are  as  follows: 

1.  The  "splitter  plate"  modification  has  been  demonstrated 
to  be  an  effective  means  of  suppressing  edgetones  from 
this  type  of  perforated  wall  with  10  db  or  more  reduction 
in  overall  test  section  noise  level  at  worst-case  reso- 
nance conditions  in  the  fixed  and  variable  porosity  wall 
sampler  tested  in  the  6-In.  Acoustic  Research  Tunnel. 

2.  This  modification  has  been  applied  to  existing  six-percent 
perforated  walls  (~8,000  holes)  with  resonable  economy 
in  the  1-Ft  Transonic  Model  Tunnel  at  AEDC  and  yie^ed 
the  desired  10-db  noise  reduction  at  resonance  demon- 
strating "proof-of-principle"  in  properly  scaled  test 
hrdware. 

3.  Pressure  data  acquired  on  a centerline  static  pipe,  a 
cone -cylinder  model,  and  a wing-tail  lifting  model  in 
the  1-Ft  Transonic  Model  Tunnel  all  indicate  that  the 
crossflow  characteristics  of  the  modified  low -noise, 
six-percent  walls  are  essentially  the  same  as  the 
original  walls. 
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NOMLNCLATURE 


CP 

ACp 


c 


CO 


f 

fn 

h 


x 

Lz 

^“res 

^wall 

mA 


mh 


mv 


n 

P 

Pt 

P® 


Pressure  coefficient,  (p  - p^/q® 

Fluctuating  pressure  coefficient,  Eq.  (1),  percent 
Local  speed  of  sound,  ft/sec 
Free-stream  speed  of  sound,  ft/sec 
Frequency,  Hz 

Natural  reverberation  frequency,  Hz,  Eq.  (10) 

Axial  distance  between  leading  and  trailing  edges  of 
perforations  or  cavities,  ft 

Acoustic  wave  number,  1,2,  3,  4, 

Proportion  of  free-stream  velocity  at  which  vortices 
travel  over  cavity 

Cross-sectional  dimension  of  test  section,  ft 
Effective  length  of  test  section  porous  zone,  ft 
Free-stream  Mach  number 
Resonant  free-stream  Mach  number,  Eq.  (11) 

Local  Mach  number  evaluated  near  the  wall 

Number  of  acoustic  wavelengths  passing  over  vity  per 
cycle 

Total  number  of  acoustic  and  vorticPy  wavelengths  per 
cycle,  + mv 

Number  of  vorticity  wavelengths  passing  over  cavity  per 
cycle 

Number  of  acoustic  wavelengths  across  the  test  section 
per  cycle 

Edgetone  stage  1,2,3,  or  4,  Eqs.  (6;  and  (7) 

Mean  local  static  pressure,  psfa 
Stagnation  pressure,  psfa 
Free-stream  static  pressure,  psfa 


3(. 


LimJi 


aitfcirtitiiina 


Atftiifiinirt) 


a\  a 


f*rms 

q® 

Re/ft 


S 

t 

t' 

V 

U 


Fluctuating  pressure,  root-mean-square  time -averaged, 
frequency -integrated,  psf 

Free-stream  dynamic  pressure,  psf 

U ":it  Reynolds  number  per  foot  based  on  free-stream 
conditions 

Strouhal  number,  nondimensionalized  frequency 
Time,  sec 

Specified  instant  of  time,  sec 

An  odd  integer,  1,3,  5,  7, 

Local  velocity  in  the  boundary  layer,  ft/ sec 

Free-stream  mean  velocity,  ft/ sec 

Average  local  velocity  near  the  wall,  ft/sec 

Body- axis  position  normalized  to  overall  length  or  to 
chord  length 

Inclination  angle  of  plane  sound  waves  relative  to  free- 
stream  flow  axis,  deg,  Eq.  (9) 

An  empirical  constant,  Eq.  (5) 

Scale  length  constant  for  vortex  positioning 

Boundary-layer  thickness  (to  99  percent  of  free-stream 
velocity),  in. 

Boundary -layer  displacement  thickness,  in. 

Acoustic  wavelength,  ft 
Axial  spacing  of  vortices,  ft 
Standard  deviation 

Porosity,  the  ratio  of  open  area/total  area  of  the  wall 
sample,  percent 
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